One of the hallmarks of Alzheimer's disease (AD) is the accumulation and deposition of amyloid-␤ (A␤) peptides in the brain and cerebral vasculature. A␤ evokes neuroinflammation and has been implicated in insulin signaling disruption and JNK-AP1 activation, contributing to AD neuropathologies including oxidative injury and vascular insufficiencies. In this study we aim to better understand the protective mechanisms of insulin signaling and JNK-AP1 inhibition on the adverse effects of A␤. Four-hour treatment of hCMEC/D3, the immortalized human brain endothelial cells (iHBEC), with A␤ 1-42 resulted in significant c-Jun phosphorylation, oxidative stress, and cell toxicity. Concurrent treatment with A␤ 1-42 and insulin or A␤ and JNK inhibitor SP600125 significantly improved cell viability. Cytokine array on conditioned media showed that insulin and SP600125 strongly reduced all A␤ 1-42 -induced cytokines. ELISA confirmed the protective effect of insulin and SP600125 on A␤-induced expression of interleukin (IL)-8 and Growth related oncogene-␣ (Gro-␣). qRT-PCR revealed that insulin and SP600125 protected iHBEC from A␤ 1-42 -induced inflammatory gene expression. Transcription factor profiling showed that treatment of iHBEC with A␤ 1-42 , insulin, or SP600125 alone or in combination resulted in profound changes in modulating the activities of multiple transcription factors and relevant pathways, some of which were validated by western blot. Insulin treatment and JNK inhibition in vitro synergistically reduced c-Jun phosphorylation and thus JNK-AP1 signaling activation. The study suggests that activation of insulin and blocking of JNK-AP1 signaling inhibits A␤-induced dysregulation of insulin signaling and inflammatory response.
INTRODUCTION
AD and type II diabetes mellitus (T2DM) are increasing at an alarming rate and are major health con-Insulin exerts numerous actions on the brain, including glucose regulation, neuronal growth/survival, memory, synaptic plasticity, and cerebral vasoreactivity. Insulin deficiency or an "insulin-resistant brain state" mechanistically interlinks all of the neuropathologies prevalent in AD [3] .
T2DM and AD share some common cellular and molecular mechanisms. AD brain tissue has shown to exhibit elevated levels of IRS-1pSer and activated JNK, analogous to peripheral tissues in patients with T2DM [4] . Impaired IRS-1 signaling was observed in rat cultured hippocampal neurons and brains of cyomolgus monkeys treated with A␤ [4] , and in hippocampi of Tg-AD mice [4, 5] . In AD brain, impaired insulin signaling results in decreased phosphoinositide-kinase (PI3-K)/Akt activity and increased glycogen synthase kinase (GSK)3␤ activity leading to increased tau hyperphosphorylation, a pathological feature of AD neurofibrillary tangles [6] . Short term exposure of A␤ to cerebral synaptosomes from Sprague-Dawley rats resulted in lipid peroxidation and a significant decrease in glucose transport [7] suggesting that impairments in insulin signaling and glucose utilization occur during the early stages of AD, prior to significant A␤ plaque burden. A␤ has been shown to competitively bind the insulin receptor (IR), and reduce insulin binding and receptor autophosphorylation of the IR in human placental plasma membranes (used as a rich source of human insulin receptors) [8] . A␤ peptide affects insulin levels through competitive binding of the insulin degrading enzyme, an enzyme involved in the degradation of both insulin and A␤ peptides [9] . Reduced insulin degrading enzyme protein levels and activity also occur in AD brain [10] . A␤ peptides can be transported across cerebral microvessels and capillaries and deposited in the vessels, resulting in cerebral amyloid angiopathy [11] . Impairments in cerebrovascular integrity leading to disruption of the blood-brain barrier and resulting in vascular insufficiencies, inflammation, and oxidative stress, occur via a RAGE receptor-mediated process in both T2DM and AD [11, 12] .
Therapies against AD have focused on targeting A␤ peptides; either to dissolve plaques or to inhibit A␤ peptide aggregation, with only moderate success. Targeting A␤ peptides alone will be insufficient to address the pleiotrophic causes of AD neuropathology. New therapies against AD must consider the impact of dysregulation of insulin signaling in AD pathology, and target the factors that will alleviate insulin resistance and restore normal insulin signaling events. C-Jun N-terminal kinase (JNK) is one of the key proteins involved in insulin resistance; inhibitory serine phosphorylation of IRS-1 by JNK creates a negative feedback mechanism to down regulate insulin signaling [13, 14] . Our previous work demonstrated that A␤ peptides can activate JNK-AP1 signaling pathway and upregulate the expression of inflammatory genes in iHBEC (hCMEC/D3) [15] , leading us to postulate that enhancing insulin signaling and suppressing JNK activity may inhibit these A␤-induced effects. Our previous and others' studies have shown that a JNK inhibitor SP600125 can inhibit A␤-induced JNK-AP1 signaling and the expression of inflammatory genes in HBEC [15] [16] [17] . JNK activation is also involved in neuroinflammation and neurovascular inflammation induced by hypoxia/ischemia or inflammatory factors [18] [19] [20] . Since HBEC are involved in A␤ transport across the blood-brain barrier and neurovascular inflammation in AD [15, 21] and diabetes results in cerebrovascular complications and contributes to the development of vascular dementia and AD [22] , we believe that insulin signaling and JNK-AP1 signaling may cross-react with each other in AD neurovascular inflammation as a result of aberrant A␤ transport and deposition on HBEC. In the present study, we show that A␤-induced toxicity and inflammatory response in iHBEC can be reduced with insulin and the JNK inhibitor SP600125. We identify multiple cytokines and transcription factors (TFs) changing in response to treatment with A␤, insulin, and SP600125 in iHBEC, highlighting shared and divergent pathways between insulin and A␤. Synergistic effects were also achieved with the combination of insulin and SP600125 on A␤-treated cells.
MATERIALS AND METHODS

Materials
iHBEC base media EBM-2 (#cc-3156) was purchased from Lonza (Walkersville, MD, USA). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT, USA). Penicillin-streptomycin (#P0781), Hepes (#H4034), basic fibroblast growth factor (bFGF) (#F0291), recombinant human insulin (#91077C), and protease inhibitor cocktail (#P8340) were purchased from Sigma Aldrich Canada Ltd. (Oakville, Ontario, Canada). Trypsin/EDTA without Ca 2+ /Mg 2+ (#25200-056), human IL-8 ELISA kit (#KHC0081), MTT (#M6494) and TRIzol (#15596-018) were purchased from Life Technologies (Burlington, Ontario, Canada). The BSA standard (#500-0007), DC TM protein assay kit (#500-0112), Experion RNA StdSens analysis kit (#700-7153), SsoFast EvaGreen Supermix (#172-503), iScript cDNA synthesis kit (#170-8891), and PVDF membrane (#162-0177) were purchased from Bio-Rad (Hercules, CA, USA). The 1 × RIPA buffer (#9806) and phospho-Rb (Ser807/811) (#8516P), Rb (4H1) (#9309P), phospho-IB␣ (Ser32) (14D4) (#2859P) and IB␣ (44D4) (#4812 S) antibodies were purchased from Cell Signaling Technology Inc. (Boston, MA, USA). Ambion DNA-free TM Kit (#AM1906) was purchased from Applied Biosystems Inc. (Carlsbad, CA, USA). Trichloroacetic Acid (TCA #A322-500) and Biodyne B Nylone 0.45 m membrane (#77016) were purchased from Fisher Scientific Inc. (Ottawa, ON, Canada). The SP600125 JNK inhibitor (#S7979) was purchased from LC Laboratories (Woburn, MA, USA). Recombinant A␤ (#A-1166-1) and A␤ 1-42scrambled peptides (#A-1004-1) were purchased from r-Peptides (Bogart, Georgia, USA). Combo Protein/DNA transcription factor arrays (#MA1215), Nuclear Extraction kit (#AY2002) were purchased from Affymetrix, Inc. (Santa Clara, CA, USA). Phospho-c-Jun (Ser63 #9261, Ser73 #9164), phospho-IGF-1 receptor b (tyr 1135/1136)/insulin receptor b (Tyr 1150/1151) (19H7) rabbit mAb #3024 specific antibodies were purchased from New England Biolabs (Pickering, Ontario, Canada). Western-Lighting Plus-ECL (#NEL105001EA) was purchased from Perkin Elmer Inc. (Waltham, Massachusetts, USA). Autoradiography film (#MSF-BX810) was purchased from Mandel Scientific (Guelph, Ontario, Canada). OxiSelect™ HNE-His Adduct ELISA Kit was purchased from Cell Biolabs, Inc. (San Diego, CA, USA). Human (#ARY005) cytokine Arrays and Gro-␣ human ELISA kit (#DRG00) were purchased from R&D Systems (Minneapolis, MN, USA). geNorm human reference gene primer kit and Biogazelle qbase analysis software were purchased from PrimerDesign Ltd. (Rownhams, Southampton, United Kingdom). Hank's balanced salt solution (HBSS cat #311-513CL) was purchased from Wisent (Montreal, Quebec, Canada). All qPCR primers and EMSA oligonucleotides were purchased from Integrated DNA Technologies (IDT, Coralville, Iowa, USA).
iHBEC cell culture and treatments hCMEC/D3 cells (iHBEC) were obtained from the laboratory of Dr. P-O Couraud (Paris, France), and are well characterized [23] . The cells were plated on rat tail collagen type 1 (100 g/mL)-coated tissue culture dishes and maintained in EBM-2 media containing 5% FBS, 1% penicillin-streptomycin, 10 mM Hepes, and 1 ng/mL basic human fibroblast growth factor at 37 • C and 5% CO 2 . iHBEC were passaged using trypsin/EDTA without Ca 2+ /Mg 2+ . Unless otherwise stated, confluent (90-95%) dishes were treated for various treatment times with 10 M A␤ or A␤ 1-42scrambled peptide (prepared in 0.25% acetic acid), 1.7 M human insulin (prepared in H 2 O, adjusted to pH 3), or 25 M SP600125 (prepared in dimethyl sulfoxide) alone or in combination with A␤ or A␤ 1-42scrambled peptide.
Immunoblot analysis
After treatment, iHBEC were washed 2 times with HBSS and lysed in sample buffer [5% glycerol, 5% ␤-mercaptoethanol, 3% sodium dodecyl sulphate (SDS), 0.05% bromophenol blue, and 10 mM TrisHCl, pH 6.8] or in RIPA buffer supplemented with 1% Triton X-100 and sonicated 2 × 20 s in a water bath sonicator. The cell lysates were boiled at 100 • C for 10 min, centrifuged at 15,000 rpm for 10 min at 4 • C, and the clarified supernatants were stored at −80 • C until use. The protein concentration of each sample was determined by TCA assay or by DC assay system (BioRad) following manufacturers' instructions. TCA was carried out in clear 96-well plates (Costar) by combining sample, sample buffer and water (100 L) with 60% trichloroacetic acid prepared in water (66.7 L) and incubating at 37 • C for 15 min to precipitate the proteins. A reference standard curve was obtained using BSA prepared in sample buffer. Turbidity measurements of samples or BSA standards were measured at 570 nm. Protein concentration of each sample was calculated relative to the BSA standard curve and reported in g/L. Proteins were resolved on a 10% SDS polyacrylamide gel at 125 V in running buffer (25 mM Tris, 192 mM glycine, and 0.35 mM SDS), and transferred to PVDF membrane at 150 mAmps overnight in transfer buffer (25 mM Tris, 192 mM glycine, and 20% methanol). Proteins were detected by overnight incubation with a 1 : 1000 dilution of their respective primary antibodies in 1% milk in Tris buffered saline with 0.05% Tween-20 buffer (TBST, 10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween-20, and 1% skim milk powder), next a 1 h incubation with a 1 : 3000 dilution of IgG-HRP secondary antibody in 5% milk TBST, followed by incubation with ECL Plus reagent and visualization on autoradiography film. Densitometry values were determined using Un-Scan-It software (Silk Scientific Inc.).
HNE oxidative stress assay
The HNE-His Adduct ELISA kit was used to determine the levels of 4-hydroxy-2-trans-nonenal (HNE), a natural byproduct of lipid oxidation, following the manufacturer's instructions. Briefly, the treated iHBEC were washed twice with HBSS and scraped in PBS supplemented with protease inhibitors. The samples were lysed in a water bath sonicator, centrifuged at 14,000 rpm for 15 min at 4 • C, and the clarified supernatants were stored at −80 • C until future use. Protein concentration was determined by DC assay system (BioRad). The samples were diluted with PBS to 10 g/mL, added to the ELISA plate, and incubated overnight at 4 • C. HNE-protein adducts in the sample or HNE-BSA standard were probed with anti-HNE-His antibody for 1 h followed by HRPconjugated secondary antibody (for 1 h). Absorbance of each well was read at 450 nm using a Spectra Max 340 spectrophotometer (Molecular Devices, Sunnyvale, CA). The sample HNE adduct amount was determined with reference to the HNE-BSA standard curve, and the data were presented as fold-change of A␤ 1-42 -treated against A␤ scrambled (A␤ sc )-treated cells.
MTT assay
iHBEC were plated in 96-well format and grown to 75% confluency. The cells were treated for 24, 48, or 72 h. Post treatment, the media were replaced with 100 L of fresh media containing 0.45 mg/mL MTT reagent [3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide]. The cells were incubated for 1 h in at 37 • C and 5% CO 2 to allow for formation of formazan crystals. The formazan crystals were dissolved by addition of 10% SDS/0.01 N HCl (100 L) during a 4-h incubation at 37 • C and 5% CO 2 . Colorimetric change was measured on a spectrophotometer at an absorbance of 570 nm. Data was expressed as percent viability relative to vehicle.
Cytokine array
Human Cytokine Proteome Profiler TM Array was used to determine the changes in secreted cytokines from 4-h treated iHBEC following manufacturer's instructions. Briefly, media were collected from treated iHBEC, centrifuged at 200× g for 5 min, and the clarified media were stored at −80 • C for future use. The experiment was repeated three times for each treatment group (n = 3). To ensure each experimental repeat was represented equally on each array, equal volumes of media from each independent treatment (n = 1, 2, and 3) were pooled. One membrane array was prepared for each of the following treatment groups, 10 M A␤ 1-42sc peptide, 10 M A␤ 1-42 , 1.7 M insulin, 25 M SP600125, 10 M A␤ in combination with 1.7 M insulin, 10 M A␤ 1-42sc peptide in combination with 1.7 M insulin, 25 M SP600125 in combination with 10 M A␤ , and 25 M SP600125 in combination with 10 M A␤ 1-42sc peptide. The media samples (pooled n = 3) were mixed with a cocktail of cytokine-selective biotinylated antibodies. The sample/antibody mix was then incubated with its representative array overnight at 4 • C with gentle shaking to allow for capture to cognate immobilized antibodies present on each membrane. Visualization of cytokines was achieved with streptavidin-HRP and chemiluminescent detection exposed to film. Densitometry of each spot was determined using Un-Scan-it software, and the results were presented as fold-change relative to A␤ 1-42sc peptide control. Significant changes were set at >1.25-fold change relative to A␤ sc , as per manufacturers' instructions. The Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.7 was used for functional annotation clustering of identified cytokines (http://david.abcc.ncifcrf.gov/) [24] .
ELISA
The media from the 4-h treated iHBEC were collected and spun at 200× g for 5 min, and the clarified media were stored at −80 • C until use. The cells in each well were fixed with 4% formalin and counted using Countess Automated Cell Counter (Invitrogen), and this was used to normalize the data. The levels of secreted IL-8 protein were measured with a commercial ELISA kit as per the manufacturer's instructions. Briefly, the media were diluted between 2-6 times with the dilution buffer and 50 L of each diluted sample was added to the ELISA plate. The concentration of IL-8 in the samples was determined by comparing the absorbance of the samples to the standard curve, and data were presented as pg IL-8/mL/1 × 10 5 cells. To determine the secreted levels of Gro-␣ from treated iHBEC, the media were retrieved and processed as described above for IL-8 ELISA and a human CXCL1/Gro-␣ immunoassay ELISA kit was used. Gro-␣ cytokine levels were presented in pg Gro-␣/mL. 
RNA isolation and qPCR
Total RNA was extracted from 4-h treated iHBEC using TRIzol reagent, DNA contaminates were removed using Ambion DNA-free clean-up kit, and RNA quality and integrity were confirmed using Experion Automated Electrophoresis Station and Experion RNA StdSens analysis kit following appropriate manufacturer's instructions. RNA concentration was measured with NanoDrop 1000 UV-Vis spectrophotometer, and 1 g of total RNA was reversetranscribed using iScript TM cDNA synthesis to a volume of 20 l according to manufacturer's instructions. qPCR analysis was performed using specific primers designed against Genbank sequences and Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/pri mer-blast/) programs. Primers were then synthesized by IDT Technologies as listed in Table 1 real-time PCR detection system instrument. A notemplate control was performed for each primer pair to test buffers, solutions and cDNA preparations for contamination and to test for the possibility of primer-dimers. The PCR efficiency was assessed by performing standard curves using pooled cDNA material by plotting the log of the starting quantity of the template against the Cq values to determine the equation of the linear regression line. To choose the appropriate reference gene, geNorm reference gene primer kit was purchased and the samples were tested and analyzed using Biogazelle.com qBasePlus software. Relative quantification of each target gene was normalized against ␤-actin housekeeping gene. Foldchange for each gene was calculated using relative quantification where average control/vehicle values were set to 1. Gene expression levels were expressed as relative abundance ± SEM.
Transcription factor array
iHBEC were treated with A␤ 1-42 (10 M), A␤ sc peptide (10 M), insulin (1.7 M), and SP600125 (25 M) alone or in combination with A␤ peptides for 4 h. Nuclear isolations were prepared following manufacturer's instructions for each treatment group in three separate experiments and pooled for array application. To ensure each experimental repeat was represented equally on the TF array, equal amounts of nuclear lysate from each independent treatment (n = 3) were pooled. Each of the pooled samples, representing a treatment group (totaling 7.5 g of nuclear material), was incubated with biotin-labeled DNA-binding oligonucleotides to form protein/DNA complexes. The protein/DNA complexes were separated from the free biotin-labeled DNA oligonucleotides by spin columns. The probes from the protein/DNA complexes were then extracted and hybridized onto independent arrays overnight at 42 • C in a rotating hybridization oven. TF changes were visualized using a chemiluminescence detection system and exposed to film. Densitometry values of each spot were determined using Un-Scan-it software and results were presented as fold-change relative to A␤ 1-42sc peptide control. Significant changes were set at >2-fold change relative to A␤ sc , as per manufacturers' instructions. TF changes for each treatment were classified into three groups, namely shared pathways, divergent pathways and independent pathways in terms of A␤ and insulin. Of note, brackets preceding the TF name refer to different target sequences within the respective TF. For the list of the TFs examined in this array, please refer to the Supplementary Table 1 .
Statistical analysis
All results were reported as mean ± SEM. Statistical significance was analyzed by unpaired two-tailed t-test, for two group comparisons, or by one-way ANOVA, with Bonferroni post-hoc tests, for multiple group comparisons, using Prism graphing software. Statistical significance was defined as p < 0.05.
RESULTS
Insulin and Aβ 1-42 peptides induce signaling events and cellular responses in iHBEC
To validate our in vitro iHBEC model system for A␤ -and insulin-induced signaling pathways, protein phosphorylation analysis by immunoblot and lipid oxidation analysis by quantification of HNE adduct levels were performed. C-Jun is a member of the AP-1 dimeric complex [25] which is phosphorylated by JNK in A␤-induced inflammatory events [15] . To examine if c-Jun phosphorylation occur in iHBEC upon A␤ stimulation, A␤ 1-42 peptide (10 M) was added to cells for up to 24 h and the protein phosphorylation levels at position serine 63 (ser63) of c-Jun were analyzed by immunoblot. cJun63-phosphorylation levels were increased with A␤ 1-42 treatment as compared to A␤ sc peptide control as early as 1 h post-treatment and remained increased relative to control at each time point examined (Fig. 1A, panel I) . Densitometry analysis from three separate experiments and actin normalization showed a significant increase of phosphorylation for c-Jun ser 63 at 4 h (Fig. 1A , panel II, one-way ANOVA, Bonferroni's post-hoc test, * p < 0.05). Of note, we used a mixed monomeric, oligomeric, and fibril A␤ 1-42 preparation as shown (Fig. 1B) . The c-Jun ser63 data expands on our previous findings of inflammatory events observed by A␤ induction by showing that A␤ 1-42 peptides also phosphorylate c-Jun ser63 in iHBEC [15] . Activation of JNK signaling by A␤ peptides represents an inhibition or negative feedback on insulin signaling pathways [4, 13, 26] .
To establish if iHBEC were responsive to exogenous insulin stimulation, the cells were treated with 1.7 M of insulin for various time points from 10 min to 24 h. Phosphorylation of the IR kinase domain at critical tyrosine residues was increased 10-min, 20-min, 40-min, 1-h, and 4-h post-treatment (Fig. 1C) . Densitometry analysis from three separate experiments was averaged, normalized to actin, and demonstrated that each of these time points was statistically significant (Fig. 1C , one-way ANOVA, Bonferroni's post-hoc test * * p < 0.01 or * p < 0.05). Insulin signaling was also analyzed in iHBEC treated with A␤ 1-42 (or A␤ sc ), insulin, or JNK inhibitor SP600125 alone or in combination by immunoblot analysis of phospho-IR and phospho-AKT after 20 min of treatment (Supplementary Figure 1B and C, one-way ANOVA, Bonferroni's post-hoc test, * p < 0.05, * * p < 0.01, * * * p < 0.001).
Increased oxidative stress is an important factor in the pathology of AD; this includes lipid oxidation of key cellular regulatory proteins [27] . To determine if A␤ treatment would lead to lipid oxidation in our iHBEC model, we measured HNE-adducts. The cells were treated with A␤ 1-42 (10 M) for up to 24 h. HNE-adducts were significantly increased at 8 h post-treatment compared to A␤ sc peptide control (Fig. 1D , one-way ANOVA, Bonferroni's post-hoc test, * * p < 0.01). Together, the increases in c-Jun ser63 phosphorylation, p-IR, and oxidative stress demonstrate that the iHBEC was highly responsive to A␤ peptide stimulation and exogenous insulin.
During validation of our model system we found that A␤ 1-42 induced a significant increase of c-Jun phosphorylation and increased lipid oxidation at 10 M, and insulin induced significant phosphorylation of the IR kinase domain at 1.7 M. Although both of these concentrations are above physiological levels, these adaptations were appropriate for our model system. We used an immortalized cell line, not a primary cell line, in which cell growth requires both serum and bFGF, which has been shown to be neuroprotective [28] [29] [30] . Moreover, we chose A␤ 1-42 peptides because a stronger A␤ stimulus [31] was needed to evoke an inflammatory response in these cells, and A␤ 1-42 may play a greater role in the development of cerebral amyloid pathology than previously thought [32] in addition to A␤ deposits that are mainly found in the vasculature [33, 34] . We and others have found that these supraphysiological concentrations of A␤ (10 M) are necessary to initiate the inflammatory response in this immortalized cell line [35, 36] . Thus, supraphysiological doses are required to activate the signaling pathways of interest for our studies with this immortalized cell in vitro model.
Insulin and JNK inhibitor SP600125 protect iHBEC from Aβ 1-42 toxicity
It was next determined whether A␤ treatment would induce toxicity in our cell model system. MTT assay was used to evaluate cell stress. Metabolically active , and A␤ sc , respectively. B) Preparation comprised of oligomeric A␤ . 1, 0.5, and 0.25 g of the A␤ preparation was run on an SDS-PAGE gel and immunoblot was performed using anti-A␤ antibody. C) Insulin treatment activates insulin signaling pathway in iHBEC. Cells were treated with 1.7 M of insulin for up to 24 h, and then cell-proteins were resolved by SDS-PAGE, transferred to PVDF membrane, and immunoblotted for p-IR. Bands were quantified, and data from three separate experiments were averaged, normalized to actin, and presented relative to vehicle (H 2 O, pH 3.0) (One-Way ANOVA, Bonferroni's post hoc test * * p < 0.01, * p < 0.05). D) A␤ 1-42 treatment causes lipid oxidation in iHBEC. iHBEC were treated with A␤ or A␤ sc peptide control for up to 48 h. Cell supernatants were assayed by ELISA to measure HNE adduct levels. The data from three separate experiments were averaged and presented relative to A␤ sc peptide control (One-way ANOVA, Bonferroni's post hoc test, * * p < 0.01). E) Insulin and SP600125 can protect iHBEC from A␤ 1-42 -mediated toxicity. Cells were treated with A␤ 1-42 (10 M) alone or in the presence of either insulin (1.7 M) or SP600125 (25 M). After 4 h, SP600125 was removed and A␤ and insulin treatment were continued for a total of 48 h. A second supplement of insulin was added after the first 24 h. Cell toxicity was measured by MTT assay at 48 h post-treatment. The data from three separate experiments were averaged and presented as viability relative to vehicle control ( * * p < 0.01, * p < 0.05, One-way ANOVA, Bonferroni's post-hoc test).
cells reduce MTT to formazan purple, a colorimetric change which is detected at an absorbance of 570 nm. A␤ 1-42 peptide (10 M) induced significant toxicity in iHBEC at all time-points examined (24, 48 , and 72 h) (data not shown). To examine if activation of insulin signaling or inhibition of JNK signaling could protect iHBEC from A␤ 1-42 -mediated toxicity, cells were treated with insulin or the JNK inhibitor SP600125 (Fig. 1E) . Interestingly, addition of SP600125, only during the first 4 h of A␤ 1-42 addition, was sufficient Table 2 Functional annotation clustering of identified cytokines using the DAVID database. The official gene symbol of each cytokine that was altered by A␤ 1-42 treatment ( Fig. 2A) to reduce A␤-induced toxicity when measured after 48 h, suggesting that critical signaling pathways are affected within the first four hours of A␤ addition. Addition of insulin during the initial treatment (T = 0) followed by a second supplemental dose at 24 h increased cell viability significantly when measured at 48 h (Fig. 1E , one-way ANOVA, Bonferroni's posthoc test * * p < 0.01). A one-time dose of insulin at the beginning of treatment (T = 0) with A␤ was not sufficient to protect against toxicity when measured at 48 h (data not shown). These data suggest that activation of insulin signaling and inhibition of JNK signaling protect the iHBEC from A␤-mediated cellular toxicity.
Insulin and JNK inhibitor protect iHBEC from Aβ-induced cytokine secretion
We wanted to determine if the observed increases in A␤-mediated cell toxicity and the protection offered by activation of insulin signaling, and inhibition of JNK signaling, involved changes in the inflammatory response. The cells were treated for 4 h with A␤ sc peptide, A␤ , insulin, and SP600125 alone or in combination with A␤, and the protein levels of multiple secreted cytokines from pooled treatment conditions of three independent experiments were determined using the Human Cytokine Proteome Profiler TM Array. Immunoblot arrays were generated for each treatment and the spots were semi-quantified by densitometry analysis and presented relative to A␤ sc ( Fig. 2A) . A␤ 1-42 treatment significantly (which was set at >1.25-fold change relative to A␤ sc, as per manufacturers' instructions) increased the secreted level of nine cytokines, namely IL-6, IL-8, I-309, MIP-1␤, IL-23, IL-32-␣, TNF-␣, Gro-␣, and GM-CSF, relative to A␤ sc peptide control (Fig. 2A) . The various functions of these cytokines are shown as per DAVID Bioinformatics Resource version 6.7 (Table 2) . We had previously shown that A␤ could increase the cytokines IL-6, IL-8, MCP-1, and Gro-␣ [15] . Here, we show that these cytokines are also increased by A␤ peptides along with an additional five cytokines. Six of the nine cytokines that were increased by A␤ 1-42 treatment were significantly reduced with the addition of insulin or SP600125 in combination with A␤ Fig. 2A) . Two of the A␤-induced cytokines were reduced by insulin addition [IL-6 (48.5%) and IL-8 (15.4%)] but not by SP600125 addition (Fig. 2A , panels I and II), and one was reduced by SP600125 [GM-CSF (26.1%)] and not by insulin relative to A␤ alone ( Fig. 2A, panel  IX) . Taken together, these results show that insulin and SP600125 treatments could reduce A␤ 1-42 -induced stimulation of all nine cytokines, a dramatic impact on the neuroinflammatory potential of A␤ and a probable mechanism of action for insulin and SP6000125 protective effects against A␤-induced cellular toxicity.
To validate the Cytokine Proteome Profiler TM Arrays, two of the secreted cytokines, IL-8 and Gro-␣, were analyzed by ELISA. IL-8 was significantly increased by A␤ 1-42 treatment as compared to A␤ sc peptide control (Fig. 2B, panel I) . Insulin or SP600125 addition significantly decreased A␤ 1-42 -induced IL-8 expression (Fig. 2B, panel I , one-way ANOVA, Bonferroni's post hoc test, * p < 0.05). Levels of secreted Gro-␣ were significantly increased in iHBEC treated with A␤ 1-42 peptide as compared to A␤ sc peptide control, and were significantly reduced with the addition of SP600125 (Fig. 2B , panel II, one-way ANOVA, Bonferroni's post hoc test, * p < 0.05 and * * p < 0.001, respectively). The treatments that include A␤ sc validate that the effects are not due to presence of any , and SP600125 (25M) alone, or insulin and SP600125 in combination with A␤ peptides for 4 h. The conditioned media from three separate experiments were collected and the secreted cytokines were identified for each pooled (n = 3) treatment group using a Human Cytokine Proteome Profiler TM Array. The immunoblot array spots, indicative of changes in multiple cytokines, were semi-quantified by densitometry and the results for each treatment are presented as a fold-change relative to A␤ sc peptide control. B) iHBEC were treated as stated above and secreted protein levels for IL-8 and Gro-␣ were measured by ELISA. The data from three separate experiments were averaged and presented as IL-8 pg/ml/1 × 10 5 cells (panel I) or Gro-␣ pg/mg protein (panel II), one-way ANOVA, Bonferroni post-hoc test, * * p < 0.001, * p < 0.05. GM-CSF, granulocyte macrophage colony-stimulating factor; Gro, growth related oncogene; IL, interleukin; MIP, macrophage inflammatory protein; TNF, tumor necrosis factor. 42-residue peptide. These data confirm that activation of insulin signaling, and reduction of JNK-AP1 signaling, can protect the cells from A␤-induced inflammatory response.
Insulin and JNK inhibitor protect iHBEC cells from Aβ 1-42 -induced expression of inflammatory genes
To determine if A␤ would affect transcriptional events involved in the inflammatory response and whether insulin and SP600125 could be efficacious in altering the A␤ 1-42 -mediated response, cytokine gene expression was analyzed in treated iHBEC by qPCR. Previously, we showed that A␤ 1-40 treatment of iHBEC stimulated IL-6, IL-8, and Gro-␣ gene expression [15] . Here, we show that A␤ 1-42 -induced inflammation stimulates an additional three genes (GM-CSF, MIP-1␤, and IL-32␣) and that inhibition of JNK by the addition of SP600125 significantly reduces A␤ 1-42 -mediated IL-6, IL-8, Gro-␣, and GM-CSF inflammatory gene expression (Fig. 3, panels I , II, V, and VI, one-way ANOVA, Bonferroni's post-hoc test, * * p < 0.001). MIP-1␤ and IL-32␣ gene expressions were not altered with A␤ 1-42 treatment (Fig. 3 , panels III and IV). SP600125 in combination with A␤ 1-42 actually increased MIP-1␤ and IL-32␣ gene expression, but each independent stimulus did not (Fig. 3 , panels III & IV, one-way ANOVA, Bonferroni's post-hoc test, * * p < 0.001, * p < 0.01). Insulin was unable to reduce the inflammatory gene expression induced by A␤ for all genes tested (compare A␤ 1-42 + insulin to A␤ ). Importantly, A␤ sc cotreatment with insulin or SP600125 resulted in similar cell responses as compared to insulin or SP600125 alone suggesting that the observed effects with A␤ were not due simply to the presence of a 42-mer peptide. These data suggest that insulin's protective effects against A␤ 1-42 -induced inflammatory response through the reduction of secreted cytokines is posttranscriptional in nature and that inhibition of JNK with SP600125 impacts gene expression at both the transcriptional and translational levels.
Aβ 1-42 affects multiple transcription factors: consequences for insulin and JNK mediated signaling events
To gain a better understanding of the mechanisms of action that regulate signaling pathways in different iHBEC treatment conditions (A␤ , insulin, and JNK inhibitor SP600125), we carried out TF profiling using a Combo Protein/DNA Array kit. The cells were treated with A␤ , A␤ sc , and insulin, alone or in combination with, A␤ peptides for 4 h. Pooled treatment conditions from three separate experiments were applied to the arrays and the data was presented for each independent TF normalized to A␤ sc peptide control (set to 1, where significance was set at >2-fold change relative to A␤ sc, as per manufacturers' instructions) ( Table 3 ). The treatments uncovered a myriad of transcriptional changes and some very interesting relationships were revealed. The TFs were presented under three themes: shared pathways (Table 3A) , divergent pathways (Tables 3B and 3C) , and independent pathways (Supplementary Tables 2 and 3 ) with respect to A␤ and insulin.
First, seventeen TFs [PO-B, EBP-80, NFB(2), CBFB, NF-E1/YYI, SMAD3/4, AP-2(1), Stat-6, NF-Atx, MRE, CREB-BP1, PIT-1(1), PRD1-BFc, GR/PR, Stat-5b, HSE, MEF-1(1)] displayed significant increases, relative to A␤ sc , when iHBEC was treated independently with either A␤ or insulin (Table 3A , top). This is interesting as it shows that insulin and A␤ stimulate certain common pathways. Among these 17 TFs, six of them [NFB(2), SMAD3/4, MRE, Stat-5b, HSE, and MEF-1] were markedly decreased relative to A␤ or insulin when A␤ and insulin were added in combination (Table 3A , top). This suggests that hyper-stimulation of the pathways might occur; perhaps creating a temporal shift due to maximal signaling thresholds being reached sooner by "double dosing" the same signaling pathway and enhancing negative feedback inhibitor mechanisms for these TFs. Seven of the 17 TFs [PO-B, AP-2 (1), Stat-6, NF-Atx, CREB-BP-1, Pit-1(1), and GR/PR] that were increased as a result of either A␤ or insulin treatment independently were increased further relative to A␤ or insulin when A␤ and insulin were added in combination, suggesting a synergistic influence on these pathways (Table 3A , top). These may represent some of the potential mechanisms whereby the presence of A␤ peptides results in over-stimulation of the insulininduced signaling pathways. Western blot analysis of phospho-IR and phospho-AKT showed that insulin signaling was not increased with the addition of A␤ relative to insulin alone (Supplementary Figure 1B and C, one-way ANOVA, Bonferroni's post-hoc test, * p < 0.05, * * p < 0.01, * * * p < 0.001). Three TFs that increased with both treatments independently did not respond differentially with combination treatment of A␤ and insulin (EBP-80, CBFB, and NF-E1/YY1, Table 3A , top). Five TFs, namely MBP-1, DE-1, GKLF, AR, and PPAR (3), were markedly decreased with either A␤ or insulin treatment (Table 3A , bottom). Comparing the response from A␤ sc + insulin treatment to insulin treatment alone shows that the A␤ 1-42 effects are not simply due to the presence of a 42-mer peptide. Second, there were 15 TFs [ETS(1), Stat-3, LyF(1), XBP-1, MBP-1(1), RFX-1/2/3(2), LFAi(2), PAX-5, p53(1), NFB(1), CD23RC(1), KPF-1, E2F-1(1), and EKLF (1)] that were decreased as a result of A␤ 1-42 treatment but increased in the presence of insulin, relative to A␤ sc , illustrating a divergent pathway relationship effect (Table 3B ). These could be the pathways in which insulin can exert protective effects against A␤-mediated toxicities and circumvent neuroinflammation, as suggested by co-treatment with A␤ and insulin relative to A␤ 1-42 treatment. Again, that treatment of A␤ sc + insulin resulted in similar TF responses to insulin treatment alone suggest that changes elicited as a result of A␤ 1-42 treatment were not due to peptide effects. Third, also very interesting was the finding that 30 TFs were independently increased with insulin treatment alone (Supplementary Table 2 ). These are interesting pathways that can be explored as biomarkers for insulin therapies or possible therapeutic targets for diabetes.
Four TFs, namely GR/PR, AP-2(1), Pit-1(1), and Stat-6, were increased as a result of A␤ 1-42 treatment but decreased by SP600125, illustrating divergent pathway effects of A␤ and SP600125 (Table 3C , top). There were also 11 TFs that were decreased by A␤ 1-42 but increased as a result of SP600125 treatment, namely TFE3, EGR-2, ZNF174, E2F-1(1), X2 BP, Myc-Max, PEBP-2, OCT(1), CEBP(5), HiNF/D3, and MEF-2(1) (Table 3C, bottom). These TFs represent possible mechanisms for SP600125-mediated protection against A␤ 1-42 cellular insults, as suggested with A␤ 1-42 +SP600125 compared to A␤ 1-42 treatment. Importantly, that A␤ sc +SP600125 resulted in similar effect to SP600125 treatment alone showed that the A␤ 1-42 results were not due to generic peptide effects. There were also 85 TFs that were grouped as A␤ independent pathways in that they were only affected by A␤ 1-42 treatment; 2 TFs [Surf-2 (2) and ABF-1] were increased with A␤ 1-42 treatment Table 3 Statistically significant TF changes. The iHBEC were treated with either A␤ sc , A␤ or insulin alone or in combination with A␤ peptides for 4 h and the nuclear material was harvested. This was performed three independent times, the treatment conditions were pooled, and each treatment was applied to a TF array. The arrays were semi-quantified by densitometry and the TFs were presented relative to A␤ sc (set to 1) and organized by their response to A␤, insulin, and SP600125. The TFs that increased or decreased for both insulin and A␤ were organized in the 'shared' pathways (Table 3A) , those that increased with insulin and decreased by A␤ were organized in the 'divergent' pathways (Table  3B) , and those that increased with insulin and decreased by SP600125 (or vice versa) were 'displayed' in divergent pathways ( Table 3C ). TFs that were affected only by either insulin or A␤ ('independent' pathways) were organized into Supplementary Tables 2 and 3 Figure 2) . To validate the TF array, western blot analyses were performed on phosphorylated inhibitory molecules of two TFs from whole cell lysates after cell treatment. NFB exists in the cytoplasm during resting state; upon cellular stimuli the inhibitor of NFB (IB) is phosphorylated (and subsequently degraded) while NFB translocates to the nucleus to induce gene expression [37] . Phospho-IB was detected in A␤ 1-42 -and insulin-treated cells relative to A␤sc-treated cells (Fig. 4A, left panel) . A␤ and insulin treatment both phosphorylate IB independently which is in accordance with both treatments stimulating NFB, as determined from the TF array (Fig. 4A, right panel) . Binding of the retinoblastoma tumor suppressor protein (pRb) to E2F1 prevents transcriptional activation while phosphorylation of pRb releases E2F1 allowing initiation of gene expression [38] . A␤ 1-42 treatment had no significant impact on pRb phosphorylation while insulin treatment significantly increased phosphorylation relative to A␤sc treatment (Fig. 4B , left panel, one-way ANOVA, Bonferroni's post hoc test, * p < 0.05 and * * p < 0.001). These data are in accordance with the TF array results for E2F1 (Fig. 4B , right panel) wherein A␤ reduces while insulin treatment increases E2F1 activation (A␤ and insulin treatment elicit a divergent response on E2F1). These data provide validation for the TF array results.
Combined insulin and SP600125 treatment offers synergistic advantages in reducing Aβ 1-42 -induced JNK activation
We have shown that treatment with insulin or SP600125 can reduce A␤-induced toxicity, cytokine secretion, cytokine gene expression, and TF changes. We next wanted to determine if insulin and SP600125, given in combination, would be more efficacious in reducing inflammatory signaling pathways. The iHBEC was treated with up to 25 M of SP600125 alone or in combination with A␤ 1-42 (or A␤ sc ) and/or insulin for 4 h. JNK-AP1 activation was monitored by examination of c-Jun ser63 phosphorylation by immunoblot analysis (Fig. 5A) . SP600125 significantly decreased A␤ 1-42 -induced c-Jun ser63 phosphorylation at 10 and 25 M (Fig. 5B , unpaired two-tailed t-test * * p < 0.00313, * * p < 0.0085). Interestingly, neither 1 M SP600125 nor 1.7 M insulin was effective at reducing A␤ 1-42 phosphorylation of c-Jun ser63, but SP600125 at 1 M given in combination with 1.7 M insulin significantly reduced A␤-induced c-Jun ser63 phosphorylation; the combined treatment was significantly more efficacious (Fig. 5B , unpaired two-tailed t-test * * p < 0.0146). This reduction in A␤ 1-42 -induced c-Jun ser63 phosphorylation with the combination of 1 M SP600125 and 1.7 M insulin was not due to the presence of a 42-mer peptide (compare A␤ sc +ins+SP1 to A␤+Ins+SP1). However, at higher doses of SP600125 (25 M) there was no difference in c-Jun ser63 phosphorylation between A␤+Ins+SP and A␤sc+Ins+SP ( Supplementary Figure 1A) . The data were analyzed by unpaired two-tailed t-test. These data show that insulin treatment and JNK inhibitor may synergistically enhance insulin signaling and suppress A␤-evoked signaling, which leads to reduced AP-1 activation and inflammatory response. Tables 3A (top) and Table 3B , respectively, are shown.
DISCUSSION
The data presented here exemplify some very interesting concepts. A␤ induces toxicity in iHBEC mediated by cytokines showing that human cerebral vascular cells can be compromised by excess of this peptide. A␤ stimulates the inflammatory response by both transcriptional and post-transcriptional events. Interestingly, all of the A␤ 1-42-induced cytokines could be reduced by insulin and SP600125 treatment showing that therapeutic targeting through the enhancement of insulin signaling and inhibition of JNK pathways could alleviate A␤-induced inflammatory response. Many of the cytokines (IL-6, IL-8, MIP-1␤, TNF-␣, Gro-␣, and GM-CSF) that were increased by A␤ in these human brain endothelial cells were previously reported to be increased by A␤ deposition in various cell types [15, 39, 40] and/or in AD brain tissue [39, 41] . An in vivo study with IL-23 and an ex vivo study with IL-32 suggested a role for these cytokines in neurodegenerative and neuroinflammatory diseases such as AD [42, 43] . There are no reports of I-309 acti- vation in in vitro or in vivo AD models, but recently, it was shown to be a novel CSF biomarker for AD [44] . Insulin has been shown to exert anti-inflammatory effects at low doses [45, 46] . Although insulin addition reduced the levels of the secreted cytokines (except that of GM-CSF) as compared to A␤ treatment, none of the tested cytokines displayed reduced expression with the addition of insulin. It is possible that significant changes in gene expression occurred at earlier time points (<4 h). TNF-␣, which is involved in inducing insulin resistance [4, 47] , was increased from cells treated with either A␤ or insulin (Fig. 2B, VII) , but was markedly reduced in the presence of both A␤ and insulin. This can be explained in the following way, in the presence of infectious agents, the induced TNF-␣ is part of the inflammatory response from the cells, and in the absence of A␤ peptides (or infectious agents), insulin-induced TNF-␣ may play a role as a negative feedback mechanism to limit or regulate insulin signaling. Addition of insulin to the cells may suppress A␤-induced inflammatory response including TNF-␣. This assumption requires further investigation. The current data suggest that insulin's protective properties on cytokine expression act at the post-transcriptional level.
JNK is reported to be involved in the induction of proinflammatory cytokines; pharmacological inhibition of JNK (including SP600125) has been demonstrated to attenuate the release of pro-inflammatory cytokines [48] . The addition of SP600125 reduced the secreted levels of seven of the nine A␤-stimulated cytokines. QPCR analysis revealed that only two of these reductions (Gro-␣ and GM-CSF) resulted from a decrease in gene expression. A␤ + SP600125 treatment actually increased the gene expression of MIP-1␤ and IL-32␣ (even though the secreted levels were decreased). This was surprising considering SP600125, similar to Dalesconols B [49] , is an antiinflammatory agent. Importantly, the comparison of SP+A␤ treatment to SP+A␤ sc treatment is not significant suggesting that the increase observed with SP+A␤ relative to vehicle was due to non-specific peptide effects in combination with SP600125. Although not changed in the conditioned media, SP600125 addition reduced the expression of IL-6 and IL-8. Thus, inhibition of JNK exerts influence on both transcriptional and post-transcriptional events.
SP600125 was originally reported to inhibit JNK2 activity; however, more recent data has shown that 13 of 30 tested protein kinases were inhibited by 10 M SP600125 at various degrees [50] . Thus, some of the observations from SP600125 treatment in this study may be due to the inhibition of other protein kinases. Altogether, the cytokine and qPCR findings suggest that insulin and SP600125 are efficacious at restoring insulin signaling and reducing all A␤ 1-42 -induced inflammatory signaling events in iHBEC.
TF array profiling showed the pleiotrophic influence A␤ peptides have on multiple cellular signaling pathways and revealed several common and divergent signaling pathways induced by A␤, insulin, and SP600125. The findings from the TF array were classified into three main categories: 1) TFs that both insulin and A␤ either increased or decreased (shared path-ways); 2) TFs that A␤ and insulin (or SP600125) both changed but in opposite directions (divergent pathways); and 3) TFs that were only changed by either A␤ or insulin (independent pathways). With respect to the shared pathways, i) some of the TFs that were upregulated with A␤ or insulin treatment alone, were not significantly increased in combination; and ii) for some TFs, co-stimulation with insulin and A␤, resulted in hyperstimulation. These data support the notion that A␤ dysregulates insulin signaling, which may lead to insulin resistance in AD brain. In the former case, this suggested that A␤ and insulin overstimulation was reached at an earlier time point followed by the onset of feedback mechanisms resulting in hypostimulation at the time of analysis or A␤-mediated insulin resistance. For instance, MEF-1 was stimulated by 32-fold and 49-fold with A␤ or insulin alone, respectively; however, the combination of A␤ + insulin resulted in a 96% reduction relative to baseline. In the latter case, this suggested that A␤ and insulin hyperstimulated the pathways but thresholds had not yet been reached to turn on negative feedback regulatory mechanisms for these pathways. TFs that fall under the divergent pathway classification also include A␤ and SP600125. Depending on their beneficial or deleterious effect of downstream targets, these TFs could potentially be regulated by pharmacological intervention to obtain desired outcomes. There were, however, 85 TFs that were changing with A␤ but not with insulin. These highlight some of the A␤ 1-42 -induced pathways that do not involve insulin dysregulation. Importantly, the cytokine array for treated iHBEC showed that insulin and SP600125 reduced all the A␤ 1-42 -induced inflammatory cytokines, thus these A␤+insulin/SP600125 shared and divergent pathways highlight therapeutic targets to restore insulin signaling, inhibit A␤-induced inflammatory response, and potentially impede the progression of AD.
The iHBEC combinatorial treatment assessment revealed that low dose SP600125 (1 M) alone was unable to reduce A␤-induced inflammatory response, as evidenced by c-Jun p63 phosphorylation, but that the combination of insulin along with low dose SP600125 reduced the A␤-evoked inflammatory response. Combination treatments with docosahexaenoic acid (a JNK inhibitor) and curcumin (a turmeric component that attenuates A␤ and JNK activation) have been reported that improve insulin signaling and cognitive deficits in AD [26] . We showed that the combination of increasing insulin signaling and reducing A␤-induced inflammation was more efficacious than only trying to reduce JNK activation.
In summary, this study sheds light on gene expression and signaling pathways involved with A␤, insulin, and anti-inflammatory JNK inhibitor SP600125. A␤ and insulin can affect many shared signaling pathways in cells, and A␤ may thus dysregulate insulin signaling, contributing to insulin resistance. Both insulin and the JNK inhibitor SP600125 can alleviate A␤-evoked inflammatory response independently. However, by activation of insulin signaling and JNK inhibition in combination, we may more efficaciously reverse A␤-induced cytotoxicity, insulin dysregulation, and inflammatory response. We hope that the categorization of the extensive transcription factor profiling from various cell conditions will be a stepping stone for researchers in determining pathways to target for therapeutic intervention.
